We determined the nucleotide sequences of the 3Ј region (ϳ400 base pairs) of the mitochondrial control region for 97 individuals of the deep-sea demersal fish species Bothrocara hollandi, which were collected at five sites in the northwestern Pacific off Tohoku District, the northeastern part of the Japanese mainland. Phylogenetic analysis based on the sequences showed that these fish form a monophyletic group with individuals of the Okhotsk Sea, which have completely deviated from those fish of the Japan Sea. Furthermore, genetic diversity of fish in the northwestern Pacific was higher than that in the Okhotsk Sea. The population of the northwestern Pacific was shown to have experienced a recent population expansion. Nine of 97 individuals had only one non-coding unit, and the remaining individuals had two units between mitochondrial genes for tRNA Thr and tRNA Pro ; however, neither of these groups of individuals formed a monophyletic group in the Okhotsk Sea or the northwestern Pacific, while monophyly of individuals with more than one unit was shown in the Japan Sea. The differences between the populations of the Japan Sea and neighboring sea areas might be attributed to the occurrence of repeated environmental changes and corresponding population bottleneck events in the Japan Sea.
Introduction
The Japan Sea is a semi-closed marginal sea area situated between the Japanese Islands and the Asian continent. During the glacial and interglacial cycles of the Pleistocene epoch, dramatic environmental changes repeatedly occurred in the Japan Sea (Tada et al. 1999 , Itaki et al. 2004 . In particular, during the last glacial maximum (LGM; 27,000 to 17,000 years ago), the water column in the Japan Sea was strongly stratified because of a massive influx of freshwater from the Asian continent, which caused most of the deep-sea layer to become anoxic (Tada et al. 1999 , Itaki et al. 2004 .
In order to reveal the effects of such large environmental changes on the population structures of deep-sea animals in the Japan Sea, we previously analyzed populations of the Japan Sea and the Okhotsk Sea of Bothrocara hollandi (Jordan & Hubbs) , which is the most dominant deep-sea demersal fish species in the Japan Sea (Kojima et al. 2001 , Kodama & Kojima 2009 , Kodama et al. 2008 . These studies revealed the distinct genetic deviation between populations of these two sea areas, which was attributed to the shallowness and narrowness of the straits connecting these two sea areas. The Japan Sea was connected to the Okhotsk Sea through the Mamiya Strait (15 m depth) and the Soya Strait (55 m depth), and to the Pacific Ocean through the Tsugaru Strait (130 m depth), while B. hollandi inhabits depths between 150 m and 1980 m in the Japan Sea (Okiyama 2004) . Our studies also showed the Japan Sea population of B. hollandi consists of two genetically distinct groups named Group A and Group B (Kojima et al. 2001) . The former is a monophyletic group with a relatively high genetic diversity and the latter is paraphyletic with a relatively low genetic diversity (Kojima et al. 2001 , Kodama & Kojima 2009 In this study, we obtained B. hollandi specimens from the northwestern Pacific Ocean and examined their genetic characteristics on the basis of nucleotide sequences of two regions of mitochondrial DNA, namely, the control region and the non-coding region between mitochondrial genes for tRNA Thr and tRNA Pro . Based on the results, we discussed processes and factors of formation of the genetic characteristics as well as population structure of this species.
Materials and Methods
Ninety-seven individuals of the Bothrocara hollandi species were collected at five sampling sites in the northwestern Pacific off Tohoku District, the northeastern part of the Japanese mainland. We collected the specimens during cruises of both the training ship Tanshu Mitochondrial DNA fragments, including the 3Ј region of the tRNA Thr gene, the non-coding region, the tRNA Pro gene, and the 5Ј region of CR, were amplified in a polymerase chain reaction (PCR) using the primers ZThr-L (5Ј-AGAGCGCCGGTCTTGTAARCCG-3Ј) and CR3-H (5Ј-GAAACCCCTTGCACCCGTGG-3Ј), as described previously (Kodama et al. 2008) . The steps used to perform PCR were as follows: incubation at 95°C for 120 s, followed by 30 to 40 cycles at 95°C for 40 s, 66°C for 60 s, and 72°C for 90 s. To degrade remaining primers and nucleotide, 5 µl of the PCR products were mixed with 1 ml of ExoSAP-IT (United States Biochemical, Cleveland, OH), incubated at 37°C for 15 min and 80°C for 15 min. Each purified PCR product was used in cycle sequence reactions with the following primers: CR-2 (5Ј-CRAATACTTGTCCCTCACC-CTC-3Ј) (Kojima et al. 2001) and Pro-L (5Ј-CTACCTC-CAACTCCCAAAGC-3Ј) (Palumbi et al. 1991) , using the BigDye Terminator Cycle Sequencing Kit, version 3.0 (Applied Biosystems, Foster City, CA). The sequences were obtained using an ABI 3100 automated DNA sequencer (Applied Biosystems). The nucleotide sequences reported in the present study have been added to the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases under accession numbers AB603524-603554 (control region) and AB603573-603582 (non-coding unit). The sequences were aligned using the computer program Clustal W (Thompson et al. 1994 , Jeanmougin et al. 1998 in the MEGA, version 5.0 Beta software package (Tamura et al. 2007 ), using the default settings. We also checked the alignments visually. In the following analyses, we used transitions, transversions, and insertions/deletions, all of which were equally weighted. We constructed a phylogenetic network by the median-joining method, using the computer program Network, version 4.5.1.6 (Bandelt et al. 1999) , based on differences in nucleotide sequences. We estimated the genetic diversity of specimens based on both haplotype (gene) diversity (h), which is the probability that two randomly chosen haplotypes are different (Nei 1987) , and nucleotide diversity (P ), which is the probability that two randomly chosen homologous nucleotides are different (Tajima 1983 , Nei 1987 ). Furthermore we examined the differences in the frequencies of haplotypes between populations by using the exact test of population differentiation (Raymond & Rousset 1995) performed with the Arlequin software package, version 3.5.1.2 (Excoffier et al. 2010) . We estimated the unbiased fixation indices F ST (Weir & Cockerham 1984) and F ST (Excoffier et al. 1992) , and tested the significance of the indices by using a nonparametric permutation approach (10,000 permutations) performed with Arlequin, version 3.5.1.2 (Excoffier et al. 2010) .
We analyzed the demographic population history based on the mismatch distributions of pairwise differences between all individual pairs. Furthermore, we examined the probable population expansion by performing mismatch distribution analysis (Rogers & Harpending 1992) , using Arlequin, version 3.5.1.2 (Excoffier et al. 2010) .
Results
On the basis of nucleotide sequences of the 3Ј part (ϳ400 base pairs) of the mitochondrial control region, we identified 36 kinds of sequences (haplotypes) from 97 individuals of Bothrocara hollandi that were collected in the northwestern Pacific (Table 2) . Twenty-five of 398 sites were variable, 4 sites contained insertions/deletions, and transversion/transition bias was 6.523. Specifically, we found all five haplotypes that were obtained from the Okhotsk Sea (haplotypes 52-56 in Table 2 ) in a previous study (Kodama et al. 2008) . Three of these five haplotypes were found to dominate the Pacific population. In contrast, the remaining 31 haplotypes that we obtained were rare. None of these rare haplotypes were observed in any of the individuals sampled from the Japan Sea whose sequences were reported in a previous study (Kodama et al. 2008) . Figure 2 shows the median-joining network based on 38 variable sites among all haplotypes of B. hollandi that have been obtained to date. The haplotypes from the Japan Sea and those from the remaining sea areas formed distinct groups. We determined that genetic diversity was greater in the group from the northwestern Pacific than the group from the Okhotsk Sea (Table 3) . Specifically, the diversity value of the former was found to be almost the same as that of the group from the Japan Sea.
The test we performed to examine the unbiased fixation indices F ST and F ST showed a significant genetic differentiation between the populations of the Okhotsk Sea and the northwestern Pacific (F ST ϭ0.073, pϭ0.000; F ST ϭ0.072, pϭ0.000), while the exact test of population differentiation showed no genetic differentiation between the populations (pϭ0.219). Furthermore, mismatch distribution analysis showed that a population of the northwestern Pacific has experienced an expansion in population size (mismatch observed meanϭ2.082, tϭ2.109, q 0 ϭ0.000, q 1 ϭ10 5 , SSDϭ 0.0004, pϭ0.760).
We also determined the number of non-coding units between mitochondrial genes for tRNA Thr and tRNA Pro for the 97 B. hollandi individuals that we collected in the northwestern Pacific. However, the nucleotide sequences of this region could not be unambiguously determined for 11 individuals, likely due to heteroplasmy (Kodama & Kojima 2009 ). For the remaining 86 Pacific individuals, we successfully determined nucleotide sequences of the non-coding region, and obtained 10 units with new sequences ( Fig.  3 ; Table 4 ). Nine of the 97 individuals had only one noncoding unit, and the remaining individuals had two units between mitochondrial genes for tRNA Thr and tRNA Pro . Individuals with a single unit were obtained from four haplotypes based on the control region (haplotypes 53, 56, 77, and 82 in Table 2 ). Furthermore, individuals with a single unit and those with two units shared two dominant haplotypes (haplotypes 53 and 56). We could not obtain a reliable phylogenetic relationship among haplotypes, likely due to the finding that most haplotypes exhibited little difference from each other (data not shown). Regardless, the present study suggests that neither individuals with a single unit nor those with two units form a monophyletic group in the Okhotsk Sea or the northwestern Pacific.
Discussion
Among three distributional areas of Bothrocara hollandi, which is the most dominant deep-sea demersal fish of the Japan Sea, genetic characteristics have been reported for two areas, namely, the Japan Sea and the Okhotsk Sea. Information on a remaining area, the northwestern Pacific provided by the present study enables us to reveal population structure of this interesting species as a whole. The Table 3 . Genetic diversity of the populations of Bothrocara hollandi. Number of sampling sites is the same as in that in Table 1 Table 2 . Sequences of hyplotypes 1-56 (AB262591-AB262646) are from Kodama et al. (2008) .
haplotypes from the Japan Sea and those from the remaining sea areas formed distinct groups. Of note, while the Japan Sea is connected with neighboring sea areas only by narrow and shallow straits, the straits that connect the Okhotsk Sea and the Pacific Ocean are wide and deep enough for deep-sea demersal fishes to readily migrate between these two areas. Nevertheless, the present study suggested some degree of genetic deviation between the Okhotsk Sea and the Pacific Ocean. It might show the existence of some kind of dispersal barrier between these two sea areas. The present results showed genetic diversity of the population of B. hollandi in the Okhotsk Sea is much lower than of that in the Japan Sea or of that in the Pacific Ocean (Table 3 ). In a previous study (Kodama et al. 2008) , we reported significant deviation of mismatch distribution of B. hollandi in the Okhotsk Sea from the sudden expansion model, and concluded that they have not experienced recent population expansion. The present study showed recent population expansion of the Pacific population to be similar to that of the Japan Sea. One possible explanation of the low genetic diversity of the Okhotsk population is its moderate isolation from the Pacific population and incomplete recovery following the reduction of population size due to a shortage of food supply during the last glacial period ).
Nine of the 97 individuals had only one non-coding unit between mitochondrial genes for tRNA Thr and tRNA Pro (Table 4) , while all individuals from the Okhotsk Sea examined to date have been shown to have two units (Kodama & Kojima 2009 ). The present study suggests that neither individuals with a single unit nor those with two units form a monophyletic group in the Okhotsk Sea or the northwestern Pacific. In contrast, individuals with a single unit are domi- nant in the Japan Sea population (Table 5 ) and those with more than two units formed a monophyletic group (Kodama & Kojima 2009 ). Since its sister species, B. tanakae, exhibits a single unit, the common ancestor of B. hollandi was thought to also have only a single unit (Kodama & Kojima 2009) . When the present population of the Japan Sea was isolated from the neighboring sea areas, all or most of the B. hollandi individuals may have exhibited a single unit, and repeated severe environmental changes may have prevented individuals with two units from dominating in the Japan Sea population. However, the almost complete replacement by individuals with two units may have occurred in the Okhotsk Sea and the northwestern Pacific, where environmental conditions during the glacial period were not as severe as those in the Japan Sea (Gorbarenko et al. 2004 , Minoshima et al. 2007 ).
In addition to revealing a complete deviation of the B. hollandi populations between the Japan Sea and the neighboring sea areas, the present study also showed some population structure among the latter areas. Bothrocara hollandi has been thought to inhabit the benthopelagic layer at all stages of life, and to have relatively low dispersal ability (Okiyama 2004) . With more detailed analyses of population structure, as well as exhaustive studies of its life history, B. hollandi is expected to be an ideal subject to reveal the history of global marine environmental changes and the reaction of marine organisms. 3  5ϩ9  3  5ϩ10  10  5ϩ11  5  5ϩ12  1  14  18  5ϩ13  2  5ϩ14  2  5ϩ16  1  6ϩ11  5  6ϩ15  1  7ϩ12  3  8  7ϩ13  6  36  7ϩ23  6  7ϩ24  1  7ϩ25  1  7ϩ27  1  18ϩ12  1  19ϩ20  1  21ϩ23  1  22ϩ23  1  5ϩ6ϩ11  1  6ϩ11ϩ0  1 
